INTRODUCTION
============

All healthy somatic cells have a defined number of possible cell divisions, the so-called Hayflick limit ([@B1]). More than thirty years ago it was proposed that this phenomenon (i.e. cellular senescence) is regulated by telomere shortening and the presence of a cellular enzyme responsible for telomere elongation, especially in cancer cells, was predicted ([@B2],[@B3]). Both these predictions were confirmed ([@B4]). The enzyme, called telomerase, is usually active in cancer cells ([@B5]). Thus, telomere length predicts replication capacity of cells ([@B6]).

Telomeres contain a 3′ overhang of the G-rich DNA strand ([@B7],[@B8]). The G-rich strand is able to form guanine quadruplexes, as was shown for the *Tetrahymena* telomeric sequence (TTGGG)*~n~* ([@B9]) and the vertebrate telomeric sequence (TTAGGG)*~n~* ([@B10],[@B11]). Granotier *et al.* showed that a guanine quadruplex structure is present at the very ends of chromosomes (i.e. in the telomeric region) *in vivo* ([@B12]). Quadruplex formation in telomeric regions inhibits telomerase function ([@B13]). Thus, quadruplex stabilizing agents suppress telomere elongation ([@B14]) and proliferation of tumor cells ([@B15]). A number of ligands that specifically bind quadruplex DNA have been described ([@B16]) and the structure of a quadruplex--ligand complex has been determined ([@B17]). These agents may be of great importance for cancer treatment. To enhance the efficacy of these compounds, we must understand the structure and function of their target, the telomeric quadruplex.

In 1993, based on nuclear magnetic resonance (NMR) studies and molecular dynamics simulations, Wang and Patel proposed that the structure of quadruplex formed by human telomeric sequence AG~3~(TTAG~3~)~3~ in sodium solution was an antiparallel guanine quadruplex ([@B18]). A year later, Balagurumoorthy and Brahmachari detected, using circular dichrosim (CD) spectroscopy and chemical probing, intramolecular antiparallel quadruplexes formed by G~3~(TTAG~3~)~3~ and (TTAG~3~)~4~ sequences both in sodium and potassium solutions ([@B19]). In 2002, Parkinson *et al.* ([@B20]) observed an intramolecular parallel quadruplex in crystals of AG~3~(TTAG~3~)~3~ formed in the presence of potassium ions. However, platinum cross-linking studies in Na^+^ and K^+^ solutions demonstrated that AG~3~(TTAG~3~)~3~ forms basket-type antiparallel quadruplex ([@B21]), similar to the structure observed by NMR in Na^+^ ([@B18]). ^125^I-radioprobing confirmed the antiparallel basket arrangement in Na^+^, but a chair type quadruplex was present in K^+^ ([@B22]).

Several studies also demonstrated a mixture of parallel and antiparallel quadruplex in potassium solution ([@B23],[@B24]), but it was later reported that AG~3~(TTAG~3~)~3~ did not form a parallel quadruplex in solution ([@B25]). In 2006, a new quadruplex type was revealed by NMR: AG~3~(TTAG~3~)~3~ and sequences with the same core but different flanking nucleotides form a hybrid (3 + 1) quadruplex with three parallel chains and one antiparallel quadruplex chain ([@B26],[@B27]). Depending on the method and precise primary sequence, various arrangements of the human telomeric sequence in potassium solution have been reported ([@B28; @B29; @B30; @B31; @B32; @B33; @B34; @B35]). Recently, a new type of an antiparallel quadruplex of the natural human telomeric sequence G~3~(T~2~AG~3~)~3~T in K^+^ containing solution was proposed based on NMR data ([@B36]). It contains only two guanine tetrads capped with several layers of stacked guanines and adenines on both ends of the tetrad core. The parallel quadruplex was only observed in solution in the presence of polyethylene glycol (PEG), which simulates the overcrowded solvent conditions present inside a cell ([@B37]) or in the presence of Sr^2+^ ions ([@B38]). Considering these sometimes conflicting results, the relevant structure of the human telomere quadruplex in potassium solution is unclear. Also, the structure of long telomeric sequences remains undetermined. This paper describes data that resolves these apparently conflicting results.

MATERIALS AND METHODS
=====================

Synthetic oligonucleotides were purchased from VBC Biotech (Vienna, Austria). Lyophilized oligonucleotides were dissolved in 1 mM Na phosphate buffer (pH 7) with 0.3 mM EDTA. Before any measurements were made, the DNA samples were thermally denatured in this buffer. The oligonucleotides were heated in the relevant solution for 3 min at 90°C and then slowly annealed over the course of 4 h to room temperature. CD measurements were done in a Jobin-Yvon CD6 dichrograph (Longjumeau, France) in 1 cm to 0.001 cm path-length quartz Hellma cells placed in a thermostated holder. The scan rate was 0.5 nm/s. The measurement conditions and the procedure used with foldaway 0.01 and 0.001 cm cells are specified in figure legends. Precise DNA concentrations were determined on the basis of UV absorption at 260 nm of the sample measured in 1 mM Na phosphate buffer (pH 7), 0.3 mM EDTA at 90°C, using molar extinction coefficients calculated according to Gray ([@B39]). UV absorption spectra were measured on a UNICAM 5625 UV/VIS spectrometer (Cambridge, UK). CD signals are expressed as the difference in the molar absorption Δε of the right- and left-handed circularly polarized light. The molarity was related to nucleosides.

Experimental conditions were changed directly in the cells by adding concentrated solutions of sodium or potassium chloride or 96% ethanol and the final nucleoside concentration was corrected for the volume increase. The pH of the solution was kept constant at neutral value by addition of 10 mM sodium or potassium phosphate buffer (pH 7), depending on whether sodium or potassium chloride was added to the sample.

Native polyacrylamide gel electrophoresis (PAGE) was performed in a temperature-controlled electrophoretic apparatus (SE-600; Hoefer Scientific, San Francisco, CA, USA). Gel concentration was 16% (29:1 monomer to bis ratio, Applichem, Darmstadt). About 2 µg of DNA was loaded into each well of a 14 × 16 × 0.1 cm gel. Samples were electrophoresed at 23°C for 19 h at 30 V (∼2 Vcm^−1^). Gels were stained with Stains All (Sigma, St. Louis, MO, USA) after electrophoresis and scanned using a Personal Densitometer SI, model 375-A (Molecular Dynamics, Sunnyvale, CA, USA).

RESULTS AND DISCUSSION
======================

Spectroscopic results reveal the same antiparallel folding of the basic G~3~(T~2~AG~3~)~3~ human telomeric quadruplex in Na^+^ and K^+^ solutions
-------------------------------------------------------------------------------------------------------------------------------------------------

The human telomeric sequence G~3~(T~2~AG~3~)~3~ yields a CD spectrum similar to that of AG~3~(T~2~AG~3~)~3~ in sodium solution; both are characteristic of antiparallel quadruplex as described by Wang and Patel ([@B18]). The spectrum contains positive peaks at 290 and 210 nm and a negative one at 265 nm ([Figure 1](#F1){ref-type="fig"}). Addition of potassium ions to the sodium-stabilized quadruplex results in disappearance of the negative peak at 265 nm. Similar experiments with AG~3~(T~2~AG~3~)~3~ were previously explained by a structural transition of the antiparallel quadruplex to a hybrid (3 + 1) quadruplex structure ([@B26],[@B30],[@B40]). However, we argue that structures stabilized by Na^+^ and K^+^ ions have essentially the same antiparallel topology. Though CD spectroscopy does not provide direct evidence for the structural arrangement, the course of spectral changes enables one to clearly distinguish non-cooperative processes (structural changes within a single conformational state) from cooperative processes (conformational transitions between discrete structures separated by an energy barrier) ([@B41],[@B42]). Figure 1.CD spectra reflecting KCl-induced changes in the sodium-stabilized quadruplex of G~3~(TTAG~3~)~3~. The molecule was annealed in 10 mM sodium phosphate (pH 7) with 135 mM NaCl as described in 'Materials and Methods' section (green line). Blue lines (from light to dark) correspond to KCl concentrations of 4, 8, 16 and 102 mM. CD spectra were measured in 0.1 cm cells at 0°C immediately after salt addition (no changes took place over time). (**A**) KCl-induced spectral changes monitored at 265 nm. (**B**) CD spectra of G~4~T~4~G~4~ in 100 mM NaCl (green line) or 100 mM KCl (blue line) measured in 0.1 cm cells at 0°C. (**C**) CD spectra of 6 × 10^−5^ M G~3~(TTAG~3~)~3~T in 70 mM NaCl (green line) or 70 mM KCl (blue line) and at 0.055 M DNA \[concentration used for NMR measurements ([@B36])\] in 70 mM KCl (black line) at 23°C.

The CD changes observed during addition of K^+^ to sodium-stabilized G~3~(T~2~AG~3~)~3~ were fast (no changes were observed with time) and nearly linear before saturation, thus non-cooperative ([Figure 1](#F1){ref-type="fig"}A). In contrast, the transition from antiparallel to (3 + 1) arrangement should be a complicated process. The change in topology coupled with breaking and reunion of at least 12 hydrogen bonds and changes in glycosidic torsion angles should represent much higher energetic demands than the recently reported 1.4--2.4 kcal mol^−1^ energy barrier that separates the Na^+^- and K^+^-stabilized quadruplexes ([@B43]). Any transition between the discrete conformational states that must overcome an energetic barrier should be cooperative. Similar non-cooperative CD spectral changes caused by Na^+^ for K^+^ exchange were also observed for the bimolecular quadruplex of G~4~T~4~G~4~ ([Figure 1](#F1){ref-type="fig"}B), whereas both NMR ([@B10]) and X-ray crystallography ([@B44]) revealed the same topology for G~4~T~4~G~4~ in both salts. This clearly shows that the extensive changes in the CD spectrum are not a consequence of a change in quadruplex topology. The same conclusion follows from [Figure 1](#F1){ref-type="fig"}C, in which we show CD spectra of G~3~(T~2~AG~3~)~3~T in the presence of Na^+^ and K^+^ ions. The spectral change is similar to that observed for G~3~(T~2~AG~3~)~3~. This 22-mer was shown to adopt an antiparallel quadruplex even in the presence of K^+^ ions ([@B36]). The spectrum did not substantially change at DNA concentrations used for NMR (discussed below). Thus, the spectrum observed in the presence of K^+^ ions does not correspond to the (3 + 1) quadruplex. The fast non-cooperative changes in CD spectrum after addition of K^+^ ions to the Na^+^-stabilized quadruplexes probably reflect changes in stacking of quadruplex tetrads due to specific K^+^ ions coordination ([@B45]). The changes in stacking interactions are sensitively detected by CD ([@B41]).

A number of spectroscopic papers ascribe, in agreement with NMR results, the CD spectral changes caused by the exchange of Na^+^ for K^+^ ions to the transition from the basket-type antiparallel form to a hybrid (3 + 1) quadruplex ([@B26],[@B40],[@B46]). However, direct evidence of a hybrid (3 + 1) structure for the four-repeat human telomeric sequence in K^+^ solution has been provided only by NMR ([@B26],[@B27]). In contrast, many experiments show that addition of potassium ions does not cause large structural changes: these analyses include structural and dynamics data based on single-molecule resonance energy transfer ([@B23]), studies incorporating ^125^I-radioprobing ([@B22]), NMR studies assisted by the incorporation of 8-bromoguanines ([@B32]), and studies of a comparably fast kinetics of conformational changes of short and long telomeric DNA ([@B31]). Also, platinum crosslinking of the same adenines and guanines in Na^+^- and K^+^-stabilized human telomere quadruplexes provided evidence that the same guanines occupy identical tetrads in the both salts ([@B21]). The same conclusion follows from our previous paper ([@B47]): We showed that substitutions of adenine for particular guanines in Na^+^- or K^+^-stabilized G~3~(T~2~AG~3~)~3~ quadruplexes exert a similar effect on guanines forming the upper tetrad and those forming the bottom tetrad as expected for the antiparallel quadruplex model of Wang and Patel ([@B18]).

In spite of the above arguments, NMR measurements have unambiguously shown that the four-repeat human telomeric sequence forms the (3 + 1) quadruplex in the presence of K^+^ ions. We explain this apparent discrepancy between optical and NMR observations in the following chapters.

Flanking nucleotides stabilize the hybrid (3 + 1) quadruplex but long telomere DNA molecules form antiparallel structure like G~3~(TTAG~3~)~3~
----------------------------------------------------------------------------------------------------------------------------------------------

The presence of multiple G-quadruplex conformations in K^+^ solution under conditions of NMR measurements makes structural elucidation difficult ([@B26]). To stabilize a single arrangement, several nucleotides were appended to either 5′ or both ends. [Figure 2](#F2){ref-type="fig"} shows the CD spectra of AG~3~(T~2~AG~3~)~3~, TAG~3~(T~2~AG~3~)~3~, TAG~3~(T~2~AG~3~)~3~T~2~ and A~3~G~3~(T~2~AG~3~)~3~A~2~, studied earlier by NMR ([@B26],[@B27],[@B48]). The CD spectrum of the 22-mer AG~3~(T~2~AG~3~)~3~ was similar to that of G~3~(T~2~AG~3~)~3~ in K^+^ solution. The addition of the flanking nucleotides resulted in a shoulder on the short wavelength side of the 295 nm CD band. The height of this shoulder increased with the number of flanking nucleotides; two separated bands of comparable magnitude were observed at 260 and 295 nm for the 26-mer A~3~G~3~(T~2~AG~3~)~3~A~2~ ([Figure 2](#F2){ref-type="fig"}). We previously observed a similar CD spectrum for G~3~(T~2~AG~3~)~4~, which contains one redundant T~2~AG~3~ repeat, and suggested that it corresponds to a quadruplex with three parallel and one antiparallel strands ([@B28]). Later, the hybrid (3 + 1) structure was reported to be adopted by all the sequences mentioned in [Figure 2](#F2){ref-type="fig"} in K^+^ solution ([@B26],[@B27],[@B48]). Our data indicate that increasing the number of flanking nucleotides shifts the equilibrium towards the (3 + 1) arrangement. The same was shown for addition of nucleotides to the 5′ end of telomeric oligonucleotides ([@B49]). However, this is not true for G~3~(T~2~AG~3~)~3~T ([@B36]), implying that the identity of the appended nucleotides is also important. Figure 2.Dependence of CD spectra on DNA sequence in 1 mM sodium phosphate (pH 7) (black dashes) in the presence of 10 mM sodium phosphate plus 135 mM NaCl (green dashes) and after addition of 100 mM KCl (blue or violet lines).

The changes in equilibrium between the antiparallel and hybrid (3 + 1) topology were also observed after addition of quadruplex stabilizing ligands ([@B49],[@B50]). Ligands may not simply distinguish and stabilize the preferred topology, but might directly support the formation of a desired topology and shift the equilibrium towards it ([@B51]). Stabilization of the parallel quadruplex by a ligand was also recently described ([@B52]).

The 26-mer A~3~G~3~(T~2~AG~3~)~3~A~2~ adopted the hybrid (3 + 1) quadruplex structure even under conditions of our spectroscopic measurements. This allowed us to show that there is a complicated K^+^-induced transition to the (3 + 1) arrangement ([Figures 3](#F3){ref-type="fig"} and S1). The CD changes observed upon addition of K^+^ ions to the Na^+^-stabilized quadruplex of A~3~G~3~(T~2~AG~3~)~3~A~2~ consisted of two processes: The first was fast and was also observed with G~3~(T~2~AG~3~)~3~; the second corresponded to the slow transition into the hybrid (3 + 1) structure ([Supplementary Figure S1](http://nar.oxfordjournals.org/cgi/content/full/gkp701/DC1)). The second transition is cooperative and slow, consistent with a change in topology. This is contrast to G~3~(T~2~AG~3~)~3~. No changes were observed over time with G~3~(T~2~AG~3~)~3~ as K^+^ was gradually added ([Figure 1](#F1){ref-type="fig"}) and changes upon one-shot addition of 100 mM K^+^ were fast ([Figures 3](#F3){ref-type="fig"}A and [Supplementary S1A](http://nar.oxfordjournals.org/cgi/content/full/gkp701/DC1)). Figure 3.CD spectra of A~3~G~3~(TTAG~3~)~3~A~2~ in 10 mM sodium phosphate buffer (pH 7) with 135 mM NaCl (green line) and upon addition of 30 mM K^+^ (violet lines) measured immediately (dashes), after 3 h (dash-dot-dot), and 1 day (thick solid line), and with 100 mM K^+^ after 3 days (thin solid line). Upper CD spectra are of G~3~(TTAG~3~)~3~ and G~3~(TTAG~3~)~15~ in 10 mM sodium phosphate buffer (pH 7) with 150 mM NaCl (green line) and after addition of 100 mM K^+^ measured immediately (blue dots) and after 3 days (blue line). CD spectra were measured in 0.1 cm cells at 0°C.

It is to be noted that CD spectra of the oligonucleotides shown in [Figure 2](#F2){ref-type="fig"} differ even in Na^+^ solutions. The deep negative 260 nm band of AG~3~(T~2~AG~3~)~3~ diminished as flanking nucleotides were added. This may indicate destabilization of the antiparallel quadruplex arrangement.

The telomeric sequence *in vivo* is much longer then the four G tracts motifs usually studied. We previously suggested ([@B28]) that long telomeric sequences have a bead-like arrangement, similar to nucleosomes. Each bead is formed by a G~3~(T~2~AG~3~)~3~ quadruplex and the beads are linked by TTA triplets. The beads-on-a-string arrangement was later supported by other authors ([@B53]). Inserts in [Figure 3](#F3){ref-type="fig"} show that the long fragment G~3~(T~2~AG~3~)~15~ responded to Na^+^ for K^+^ ion exchange in the same way as the core G~3~(T~2~AG~3~)~3~ oligonucleotide: the negative 260 nm CD band of the Na^+^-stabilized quadruplex immediately diminished upon addition of 100 mM K^+^. Only slight changes occurred with time, but in contrast to the spectrum of A~3~G~3~(T~2~AG~3~)~3~A~2~, no positive band at 260 nm was observed in the spectrum of G~3~(T~2~AG~3~)~15~ even after a week ([Figure 3](#F3){ref-type="fig"}B). Thus, G~3~(T~2~AG~3~)~3~ is the basic quadruplex motif; any flanking nucleotides are irrelevant for the arrangement of the long molecule. The same fast kinetics upon K^+^ addition was also reported for short and long (T~2~AG~3~)~4~ and (T~2~AG~3~)~13~ fragments ([@B31]). G~3~(T~2~AG~3~)~16~, containing one redundant repeat, yielded a spectrum very similar to that of G~3~(T~2~AG~3~)~15~ in both Na^+^ and K^+^ ions (data not shown). Thus, whereas flanking sequences dramatically influence the spectrum of the basic four-G-block telomeric sequence, redundant repeats exert nearly no effect on long telomeric DNA. We conclude that long human telomeric sequences adopt the antiparallel arrangement in K^+^ solutions under conditions of spectroscopic experiments.

Ethanol induces the transition from antiparallel to hybrid (3 + 1) and to parallel quadruplex in the presence of K^+^
---------------------------------------------------------------------------------------------------------------------

Ethanol is a very potent inducer of quadruplex formation ([@B54]). Ethanol, like polyethylene glycol, simulates the crowded environment inside cells. These compounds effectively change the DNA concentration by a mechanism of excluded volume and by changing the activity of water ([@B55]). Addition of ethanol to G~3~(T~2~AG~3~)~3~ or AG~3~(T~2~AG~3~)~3~ in 150 mM KCl led to a slow formation of a CD spectrum corresponding to (3 + 1) quadruplex and to a parallel quadruplex upon denaturation ([Supplementary Figure S2](http://nar.oxfordjournals.org/cgi/content/full/gkp701/DC1)). A similar result was observed in PEG solutions ([@B37]).

At low temperature and in the absence of K^+^ ions, low (20%) ethanol concentrations stabilized the antiparallel arrangement of G~3~(T~2~AG~3~)*~n~* telomeric sequences ([Figure 4](#F4){ref-type="fig"}). This was especially obvious with the longer sequences, which do not form quadruplex at low ionic strength. Further increase in ethanol concentration diminished the negative 260 nm peak but no structural transition occurred, even after thermal denaturation (not shown). The negative 260 nm CD band was disappeared immediately after the first K^+^ addition and then, at 2 mM K^+^ concentration, the CD spectrum corresponding to the (3 + 1) quadruplex appeared with slow kinetics. The structural rearrangement was facilitated by sequence length ([Figure 4](#F4){ref-type="fig"}), as expected for a cooperative transition. Further increases in K^+^ concentration did not significantly change the CD spectra. However, the spectrum of the longest fragment analyzed, G~3~(T~2~AG~3~)~16~, indicated a substantial amount of the parallel conformation after a 5-day incubation in the presence of 2 mM K^+^. Thermal denaturation ([Figure 4](#F4){ref-type="fig"}) gave rise to the CD spectrum with a high-amplitude positive peak at 265 nm, characteristic of parallel quadruplex ([Figure 4](#F4){ref-type="fig"}). The need for denaturation or an extremely long incubation time indicates a further energetic barrier between the hybrid (3 + 1) and the parallel quadruplex forms. The transition to a parallel quadruplex was greatly facilitated by increased temperature: at 37°C in 50% ethanol and 2 mM K^+^ the parallel quadruplex was formed within 24 h without denaturation ([Supplementary Figure S3](http://nar.oxfordjournals.org/cgi/content/full/gkp701/DC1)). Figure 4.CD spectra of G~3~(TTAG~3~)*~n~* in water/ethanol solution in the absence or presence of potassium ions. Spectra in 1 mM sodium phosphate buffer, pH 7 (black dashes), with 20% ethanol (green line), and 57% ethanol (green dashes); KCl was added to the oligonucleotides in 57% ethanol to 1 mM (blue line) and 2 mM concentration (violet lines) and measured immediately (dash-dot-dot), after 1 (dash-dot), and after 5 days (full line). CD spectra were measured in 1 cm cells at 0°C. Red lines correspond to the oligonucleotides in 50% ethanol and 2 mM KCl measured at 23°C after thermal denaturation.

The conformational isomerization from the antiparallel to (3 + 1) and parallel quadruplex with the increasing molecule length may be facilitated by decreasing stability of the antiparallel quadruplex as length increases ([@B28]). Also, quadruplex units within the long molecule may interact to support formation of parallel arrangements. An experimental proof has been recently provided for the existence of intramolecular quadruplex--quadruplex interactions ([@B56]) between two contiguous quadruplex motifs, which influence their overall structure.

Human telomeric quadruplex folding is determined by DNA concentration
---------------------------------------------------------------------

X-ray crystallography, NMR and CD spectroscopy evaluate DNA structure at different DNA concentrations. Using X-ray crystallography, AG~3~(T~2~AG~3~)~3~ was shown to form a parallel quadruplex in K^+^ solution, whereas NMR revealed a hybrid (3 + 1) quadruplex. Our CD spectroscopic results showed that both G~3~(T~2~AG~3~)~3~ and AG~3~(T~2~AG~3~)~3~ adopt an antiparallel basket arrangement in K^+^-containing solution at DNA concentrations usual for CD spectroscopy (0.05--1 mM; to be consistent with Δ*ε* expression, we state DNA concentration related to nucleosides).

Due to these discrepancies, we have studied the effect of human telomere DNA concentration on its structure. Using extremely short path-length cells we were able to obtain spectra at DNA concentrations up to 200 mM. Up to 40 mM, AG~3~(T~2~AG~3~)~3~ provided a CD spectrum similar to those measured at low concentrations in 1 cm cells ([Figure 5](#F5){ref-type="fig"}A). However, at higher concentrations the amplitude of the 295 nm positive peak decreased and a 260 nm positive peak was observed. These spectral characteristics are similar to those of the hybrid (3 + 1) arrangement observed in ethanol solutions ([Figure 4](#F4){ref-type="fig"}). NMR studies of the hybrid (3 + 1) structure employed DNA strand concentrations of 5 × 10^−3^ to 5 × 10^−4^ M ([@B27]) or 3.5 × 10^−3^ to 1.0 × 10^−4^ M ([@B26]). In this concentration range, CD spectra have two positive peaks. At very high DNA concentrations, around 100 mM in nucleosides, the parallel quadruplex arrangement of AG~3~(T~2~AG~3~)~3~ was stabilized as indicated by the high amplitude positive CD peak at 260 nm ([Figure 5](#F5){ref-type="fig"}). It is to be noted that formation of intermolecular associates was observed at these extremely high concentrations ([Figure 5](#F5){ref-type="fig"}, bottom insert), which might contribute to the positive 260 nm CD signal. However, the majority of oligonucleotides formed intramolecular structures at this concentration and the CD spectra did not reveal the presence of antiparallel quadruplex. We have tested various ways of preparing the concentrated samples, including preparation without annealing and omission of heating \[to mimic NMR sample preparation ([@B26],[@B27])\]. The sample preparation protocol used for the spectra shown in [Figure 5](#F5){ref-type="fig"} (i.e. denaturation in low salt and annealing in the presence of 0.15 M KCl) led to the lowest population of intermolecular associates in samples with DNA nucleoside concentrations close to 0.1 M. Figure 5.Dependence of CD spectra of AG~3~(TTAG~3~)~3~ on DNA concentration. AG~3~(TTAG~3~)~3~ in 10 mM potassium phosphate (pH 7.2) and 0.15 M KCl measured at room temperature in 0.001 cm to 1 cm cells. Every sample was prepared separately. Samples were first denatured at 90°C for 3 min in 1 mM sodium phosphate plus 0.3 mM EDTA, then cooled to room temperature. After addition of KCl, samples were heated for 3 min at 90°C and then cooled to room temperature over the course of 3 h. Sample concentrations were determined on the basis of defined dilution from the stock solution and refined by measuring absorption taking in account the difference in extinction coefficients in low salt and 90°C and in 150 mM KCl and room temperature. DNA concentrations in nucleosides: 0.82 mM (black), 16.4 mM (blue), 55 mM (violet), 100 mM (dark red), 121 mM (pink) and 232 mM (red). (**A**) Dependence of AG~3~(TTAG~3~)~3~ CD spectrum on DNA concentration monitored at 265 (circles) and 295 nm (triangles). (**B**) CD spectra of G~3~(TTAG~3~)~15~ prepared and measured in the same way as described for AG~3~(TTAG~3~)~3~. Concentration in nucleosides: 0.44 mM (blue), 88 mM (violet), 156 mM (red) and 204 mM (red dots indicate that the sample formed a gel). (**C**) PAGE of AG~3~(TTAG~3~)~3~ samples at indicated concentrations. The samples were prepared as for CD experiments. Concentrations were estimated based on dilution a stock solution. About 2 µg of DNA was loaded in each lane on the gel.

The spectra shown in [Figure 5](#F5){ref-type="fig"} indicate that human telomere DNA fragment AG~3~(T~2~AG~3~)~3~ can, depending on its concentration, adopt each of the three types of intramolecular quadruplex arrangements previously characterized at the atomic level ([@B18],[@B20],[@B26],[@B27]). The plateau in the dependencies of Δε at 260 and 295 nm on DNA concentration ([Figure 5](#F5){ref-type="fig"}A) indicates that the (3 + 1) structure is probably an inevitable intermediate between parallel and antiparallel quadruplex arrangements. The spectra of G~3~(T~2~AG~3~)~3~ 21-mer ([Supplementary Figure S4](http://nar.oxfordjournals.org/cgi/content/full/gkp701/DC1)) and the long telomeric sequence G~3~(T~2~AG~3~)~15~ ([Figure 5](#F5){ref-type="fig"}B) were similarly dependent on concentration. The positive 260 nm CD band of G~3~(T~2~AG~3~)~15~ had lower ellipticity values than 22- or 21-mers at comparable nucleoside concentrations ([Figure 5](#F5){ref-type="fig"}B); strand concentrations are, however, four times lower. At nucleoside concentrations higher than 150 mM, G~3~(T~2~AG~3~)~15~ formed a gel.

Interestingly, the CD spectrum of G~3~(T~2~AG~3~)~3~T, which was shown by NMR to form antiparallel quadruplex, did not change with DNA concentration ([Figure 1](#F1){ref-type="fig"}C). We recorded the spectra of the oligonucleotide at 11 mM and 55 mM concentrations to bracket the concentration range of the NMR analysis ([@B36]). The CD spectral shape was the same in K^+^ solution as with this oligonucleotide or with G~3~(T~2~AG~3~)~3~ at low DNA concentration. Thus, CD does not distinguish that the G~3~(T~2~AG~3~)~3~T quadruplex, formed at high DNA concentration, contains only two guanine tetrads as determined by NMR ([@B36]). It may be supposed that guanines in the deficient tetrad stack in a very similar way as in the standard three-tetrad quadruplex. This is supported by very high stability of the G~3~(T~2~AG~3~)~3~T quadruplex ([@B36]). As CD does not distinguish the three-tetrad from the two-tetrad quadruplex, it is possible that the K^+^-stabilized quadruplex of G~3~(T~2~AG~3~)~3~ transforms, with slow kinetics or at high DNA concentration, to the same quadruplex form as observed with G~3~(T~2~AG~3~)~3~T. Experiments are in progress to explore this possibility. In every case, however, the K^+^-stabilized quadruplex of G~3~(T~2~AG~3~)~3~ is antiparallel.

The concentration-dependent conformational transitions of the human telomere sequence are the same as those observed in the presence of ethanol. However, the DNA concentration used for these analyses, which leads to the structural changes, is too low to cause the crowding effect attributed to ethanol. The concentration-dependent structural changes are probably a consequence of weak interactions among the intramolecular quadruplexes. An analogical situation was observed with poly(dG)·poly(dC). Raman spectroscopy showed that the polynucleotide transformed in aqueous solution from B to A conformation depending on its concentration ([@B57]). This structural change took place in the same concentration region as observed in our work: The polymer adopted B-form at 10 mM and A-form at 200 mM DNA concentration. The authors note that a 0.2 M concentration of DNA in aqueous solution should not cause the dehydration needed to cause a B--A transition and suggested that the observed transition was a result of interduplex associations.

[Figure 6](#F6){ref-type="fig"} illustrates the observed structures of long telomere DNA molecules in physiologically relevant concentrations of K^+^. In the antiparallel arrangement, the tetrads of the beads are oriented parallel to the longitudinal axis of the molecule. This may be why elongation of the sequence does not, as it does for duplexes, contribute to stabilization of the quadruplex structure: Quadruplex stability actually decreases with the molecule length ([@B28]). For the (3 + 1) quadruplex, the bead tetrads are oriented across the longitudinal axis and are mutually parallel. In the parallel arrangement, the loops are on the sides of the beads and the tetrads may stack on each other as suggested by Haider *et al.* ([@B58]). Regrettably, neither the high DNA concentrations, evaluated in narrow foldaway cells, nor ethanol conditions allow us to verify the dependence of the parallel quadruplex thermal stability on the molecule length. Figure 6.Schematics of quadruplex structures of short and long human telomere molecules in physiologically relevant K^+^-containing solutions: (**A**) antiparallel quadruplex, (**B**) hybrid (3 + 1) quadruplex and (**C**) parallel quadruplex.

The described polymorphism of the human telomere quadruplex is restricted to K^+^-containing solutions. No analogous CD changes took place within a comparable concentration range in Na^+^-solutions ([Supplementary Figure S4](http://nar.oxfordjournals.org/cgi/content/full/gkp701/DC1)).

CONCLUSIONS
===========

We show that the arrangement of the human telomeric quadruplex strongly depends on DNA concentration. This explains why distinct structures were reported by various methods. CD spectroscopy revealed very similar antiparallel arrangements of G~3~(T~2~AG~3~)~3~ both in K^+^ and Na^+^ solution at low DNA concentrations. In contrast, NMR studies revealed a hybrid (3 + 1) arrangement in K^+^ for extended G~3~(T~2~AG~3~)~3~ analogs. The flanking nucleotides stabilized the hybrid (3 + 1) arrangement. However, the long telomeric sequences behave in the same way as the basic quadruplex unit G~3~(T~2~AG~3~)~3~. The data reported here show that human telomeric DNA can adopt, depending on concentration, antiparallel, (3 + 1) and parallel quadruplex arrangements in physiologically relevant solvent conditions. There is no doubt that nature can take advantage of this conformational variability. Determining the function of particular arrangements will be a challenge for future research.
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